Abstract Impaired mitochondrial function in glial and neuronal cells in the substantia nigra is one of the most likely causes of Parkinson's disease. In this study, we investigated the protective role of glucose on early key events associated with MPP ? -induced changes in rat C6 astroglial cells. Studies were carried out to examine alterations in mitochondrial respiratory status, membrane potential, glutathione levels, and cell cycle phase inhibition at 48 h in 2 and 10 mM glucose in media. The results obtained suggest that MPP
Introduction
One of the neuropathological hallmarks of Parkinson's disease (PD) is the selective and progressive degeneration of the dopaminergic neurons in the substantia nigra of the brain [1] . Despite several years of extensive research, the exact molecular events in PD are not yet totally understood. Even though many theories are proposed for the causes of PD, none is proven. There are several drugs available to alleviate the symptoms of this disease, but unfortunately, there is no cure available. Post-mortem examinations of PD patients suggest that the impaired mitochondrial function in the neurons of substantia nigra is the most likely cause of the disease, possibly due to oxidative stress [2] or inflammation [3, 4] . Since mitochondria are the main organelles producing reactive oxygen species (ROS), they are highly vulnerable for oxidative damage, leading to their dysfunction and inhibition of ATP synthesis. The mitochondrial impairment could also lead to an unusual glucose oxidation, which is observed in certain central nervous system associated diseases namely, schizophrenia and Alzheimer's disease [5] .
The environmental neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was shown to produce several biochemical, pathological and clinical features of PD in several animal models by inhibiting complex I of the electron transport chain (ETC.) in the mitochondria. It was demonstrated that MPTP itself was not toxic to any brain cells. Upon the in vivo administration of MPTP, which is a lipophilic, it crosses the blood brain barrier with ease. Monoamine oxidase type B (MOAB) converts MPTP into 1-methyl-4-phenyl-1, 2-dihydroxypyridinium ion (MPDP ? ) [6, 7] , which is spontaneously oxidized to toxic metabolite MPP ? (1-methyl-4-phenylpyridinium). Interestingly, this enzyme (MOAB) is absent in dopaminergic neurons [8] but exists mainly in glial cells and serotonergic neurons [9, 10] . Since astroglial cells are densely localized in substantia nigra par compacta [11] , it is obvious that MPTP is converted first into the toxic MPP ? metabolite in these cells, causing damages to the mitochondria. It was demonstrated that the release of MPP ? into the extracellular spaces due to lysis of glial cells enables accumulation of these ions in nearby dopaminergic neurons via the plasma membrane dopamine transporters. MPP
? has been shown to inhibit complex I of mitochondrial ETC. selectively in these cells [12, 13] .
Although the toxic nature of MPP ? against various cell cultures was well-demonstrated earlier [14] [15] [16] , the mechanism of MPP ? toxicity was not investigated thoroughly so far in glial cells. Since glial cells represent a significant portion of central nervous system in maintaining the health and viability of neurons, the effect of MPP ? and the significant role of glucose against MPP ? toxicity would help in understanding MPP ? mechanism of toxicity. Glucose is the preferred energy source in the CNS and its availability can influence several vital cellular processes.
In the present investigation, we have employed rat C6 astroglial (glioma) cell line to examine the role of MPP ? on the onset of early events associated with PD, such as changes in mitochondrial respiratory status, mitochondrial membrane potential and cellular glutathione levels in 2 and 10 mM glucose. In addition, rate of cell proliferation and compound specific protection by high level of glucose were also determined. Finally, cell cycle analysis was performed to assess for the role of glucose on MPP ? effect on the different phase of cell cycle. In these studies, 2 mM glucose in the culture media represents the physiological concentration in the extra cellular fluid of brain in wake up animals [17] , and thus may bring a step closer to in vivo situation. On the other hand, 10 mM glucose represents lower range hyperglycemia [18] under in vivo conditions and may help for better speculation of the early key events associated with PD.
Experimental Procedure

Materials
Supplies include RPMI 1640 medium, Dulbecco's Modified Eagle Medium (DMEM) fetal bovine serum (FBS), penicillin/streptomycin, amphotericin B, phosphate-buffered saline (PBS), and L-glutamine were purchased from Media Tech, Inc., (Herndon, VA, US). Crystal violet, 
C6 Astroglial Cell Culture
The central nervous system derived rat C6 astroglial (glioma) cell line was purchased from American Type Culture Collection (Rockville, MD, US) and maintained as an adherent monolayer culture in RPMI 1640 1X medium (Cat. No. 10-040-CV, Media Tech, Inc., Herndon, VA, US) with phenol red, containing 11.1 mM glucose, 2 mM L-glutamine, and supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 lg/ml streptomycin and 0.25 lg/ml amphotericin B. Cells were grown in a humidified atmosphere containing 5% CO 2 in air at 37°C in an incubator and sub-cultured twice a week. For cytotoxic studies, the culture was harvested by treating with 0.05% EDTA in PBS for 2 min or less. Cell counts and cell viability were assessed immediately by using 0.4% trypan blue stain on a haemocytometer under a light microscope. Dye stained cells (blue) were counted as dead cells, while dye excluded cells were counted as viable cells. The actual cell numbers were determined by multiplying diluted times compared with initial cell numbers. When cell viability exceeded more than 90%, cells were diluted in complete RPMI 1640 medium and seeded in culture plates or dishes for the experiments.
Preparation of Experimental Medium
The experimental medium was prepared with DMEM powder (Cat. No. 90-113-PB) in distilled water, supplemented with phenol red (5 lg/ml or 0.5% v/v), sodium bicarbonate (44 mM), 2 or 10 mM D-glucose, 2 mM L-glutamine, 10% FBS, 100 U/ml penicillin, 100 lg/ml streptomycin and 0.25 lg/ml amphotericin B. The medium was filtered and used in the experimental studies.
Cell Doubling Period
Cells were plated in 96-well microtiter plates at a starting density of 5 9 10 3 cells per well in DMEM containing 2 or 10 mM glucose supplemented with 10% FBS. The number of cells at various time points was evaluated by crystal violet as described earlier [19] . The culture plates were read at 540 nm in a plate reader (Bio-Tek Instruments Inc, Wincoski, VT). The doubling period in hours was determined as reported earlier [20] from the average absorbance values (n = 24) of cells growing at exponential phase. . In all studies, cells in the medium alone or cells in the medium containing equal volume of PBS served as controls. Controls and the treated samples were always present in the same culture plates. These plates were incubated for 48 h continuously without further renewal of growth medium in a 5% CO 2 in air at 37°C with the plates capped in the normal fashion. All studies were repeated at least twice (n = 16). At the end of incubation, the cytotoxicity of MPP ? was evaluated by dye uptake assay using crystal violet [19] . The plates were read at 540 nm in a plate reader.
Treatments with Cocaine
The role of glucose concentration on cocaine-induced toxicity on glial cell was performed in the presence of 2 or 10 mM glucose in complete DMEM. Cocaine was tested at six different concentrations (2-7 mM) for 24 h as per earlier report [20] . These studies were repeated twice (n = 12). Cytotoxicity was evaluated by dye uptake assay using crystal violet [19] and the plates were read at 540 nm in a plate reader.
Effect of MPP
? on Mitochondrial Respiratory Activity
Mitochondrial respiratory activity was measured according to Denizot and Lang [21] . In brief, glial cells were exposed to various concentrations of MPP ? (0.1, 0.2 and 0.3 mM) in 2 or 10 mM glucose for 48 h. Three hours prior to end of incubation, 10 ll of 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was added per well. The titer plates were read in a plate reader at 490 nm. These studies were repeated at least twice (n = 6).
Assessment of Mitochondrial Membrane Potential
MPP
? treatments were performed at 0.1, 0.2 and 0.3 mM in 2 or 10 mM glucose for 48 h. In brief, at the end of incubation, cells were fixed with 100 ll of 0.25% aqueous glutaraldehyde, containing rhodamine-123 to yield a final concentration of 1 lM for 30 min at room temperature as described earlier [20] . The plates were read with excitation filter set at 485 nm and emission filter at 538 nm on a microplate Fluorometer model 7620, Version 5.02, Cambridge Technology, Inc., (Watertown, MA, US). These studies were repeated at least twice (n = 8).
Estimation of Cellular Glutathione Levels
Total cellular glutathione was assayed according to Smith et al. [22] . In brief, after treating with MPP 1 at 0.1, 0.2 and 0.3 mM in 2 or 10 mM glucose for 48 h, the cells were deproteinized with 2% 5-sulfosalicylic acid (10 ll/well) for 30 min at 37°C, followed by addition of 90 ll of reaction mixture containing 0.416 mM sodium EDTA, 0.416 mM NADPH, 0.835 mM DTNB and 0.083 mM sodium phosphate buffer, pH 7.5, and 0.216 units of glutathione reductase. The plates were incubated at 37°C for 30 min. The absorbance was measured at 412 nm on a plate reader. These studies were repeated at least twice (n = 12).
Cell Cycle Progression
Treatments with MPP 1 (0.1, 0.15 and 0.25 mM) were performed for 48 h. Then the cells were collected and fixed in 95% ice-cold ethanol for at least 24 h at 4°C. The next day, the tubes were centrifuged at 2,600 rpm for 7 min and fixed in 100 ll chilled ethanol. Cells were stained and analyzed as described elsewhere [23] . The proportion of cells in each stage was performed within 2 h by using FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). In each sample, 10,000 individual events from the gated subpopulation were analyzed separately. CellQuest Software was used for acquisition and analysis of the data, and the percentage of cells in each phase was determined by using ModFit 3.0 Software (Verity Software House, Topsham, ME, US). The studies were repeated at least twice.
Statistical Analysis
In this study, ''n'' represents the final number of wells per each treatment. The absorbance values were converted to percentage with respective to the control (100%) and the experimental results were presented as mean ± SEM (standard error mean) in the plots. The data were analyzed for significance by one-way analysis of variance (ANOVA) and then compared by Bonferroni's multiple comparison tests, using GraphPad Prism Software, Version 3.00 (San Diego, CA, US). The test values of P \ 0.05 and P \ 0.01 were considered significant and highly significant, respectively. The LC 50 or EC 50 values, representing the millimolar concentration of MPP ? needed to show 50% response on glial cells was determined from the graphs where both curves crossed [24] .
Results
Excess Glucose does not Increase Cell Proliferation Rate
The data on cell growth studies for 2 and 10 mM glucose groups ( Fig. 1 ) was used to determine the cell doubling periods. It was found that the difference in the absorbance values between 2 and 10 mM glucose groups shown in this figure at any time point was insignificant (P [ 0.05). In comparison to zero hour control (100%), the number of cells in 2 mM glucose was increased by 178, 386, and 832% after 24, 48, and 72 h, respectively (Fig. 1 ). This increase was almost the same as those cells in 10 mM glucose (178, 384, and 858% at 24, 48, and 72 h, respectively). These growth rates clearly suggest that cells in both glucose groups proliferated linearly with time (P \ 0.001) with an initial lag of about 24 h after seeding of the cells (Fig. 1) . The average doubling period (±SEM) of cells in 2 and 10 mM glucose groups was 22.53 ± 0.9 and 22.63 ± 0.39 h, respectively. The data clearly suggest that fivefold difference in the glucose concentration in the medium had no significant role on the rate of cell proliferation.
Excess Glucose Specifically Protects Glial Cells Against MPP
? Toxicity
Our subsequent studies were focused on MPP ? toxicity to glial cells, and the protection by glucose. For this purpose, the MPP ? concentrations (0.1, 0.2 and 0.3 mM) were selected based on non-linear regression analysis method (Fig. 2a) . The correlation coefficient, R 2 , indicating the linearity was 0.9944. Ideally, an R 2 value of 1.0 indicates that all data points are on the straight line, while zero R 2 value indicates lack of such linearity. The R 2 value obtained from our data clearly indicates that there was more than 99% linear relationship between MPP ? concentration and the cell viability. It was observed that MPP ? caused a progressive and statistically significant (P \ 0.01) cell death in 2 mM glucose in comparison to control after 48 h with an average LC 50 of 0.14 ± 0.005 mM. This value was much lower than a previous report [0.5 mM, 25] presumably due to differences in glucose concentrations or incubation periods or serum concentrations in media or other factors, but was closer to another study [160 lM, 26]. Interestingly, 10 mM glucose significantly (P \ 0.01) increased the percentage of cell viability at all MPP ? treatments in comparison to the treatments in 2 mM glucose (Fig. 2b) . The average LC 50 in 10 mM glucose was 0.835 ± 0.03 mM MPP
? . This increase of about sixfold higher value clearly demonstrates the protective role of glucose on cells.
We next designed an experiment to determine if 10 mM glucose protection is limited to MPP ? -induced toxicity alone or extended to any other toxic compounds. For this purpose, studies were performed with cocaine, a widely abused drug that causes toxicity to various cells. Six different concentrations of cocaine were tested (2-7 mM) on glial cells for 24 h in the presence of 2 or 10 mM glucose in DMEM with 10% FBS. The selection of cocaine concentrations in this study was based on our previous report [20] . The results (Fig. 2c) revealed that 10 mM glucose did not protect the cells significantly at any cocaine concentrations (P [ 0.05). Instead, a similar significant dose dependent cytotoxicity was observed in both 2 and 10 mM glucose groups (P \ 0.01) at all concentrations of cocaine. The LC 50 of cocaine in both 2 and 10 mM glucose was 4.4 ± 0.02 mM and 4.6 ± 0.02 mM, respectively. These values were significantly closer to earlier 24 h studies with cocaine 4.3 mM, [20, 27] . Since no protection was observed with 10 mM glucose at 24 h exposure, further increase in the incubation period to 48 h would only enhance cocaine toxicity to cells. Thus, studies were not repeated with cocaine. From these results, it is obvious that 10 mM glucose protection is compound specific. , and each value is the average absorbance of 6 wells, so final n at each time point = 24) with complete DMEM containing 2 or 10 mM glucose and 10% FBS were incubated for designated time points. The cells were stained with crystal violet and the absorbance at 540 nm was read in a plate reader. The absorbance values at any time point were so close to each other that error bars were not seen clearly on the plot. * Significant when compared to the respective zero hour controls (P \ 0.001). # There was no significant difference between the 2 and 10 mM glucose (P [ 0.05) groups
MPP
? Decreases Mitochondrial Respiratory Function
Exposure of glial cells to MPP ? at increasing concentrations (0.1, 0.2 and 0.3 mM) for 48 h caused significant (P \ 0.01) decrease in mitochondrial respiration in 2 mM glucose group (Fig. 3) . This was evidenced in terms of progressive decrease in the amount of formazan produced in MPP ? treated cells in 2 mM glucose. The average EC 50 of MPP ? , where 50% loss of mitochondrial respiratory activity in 2 mM glucose observed was found to be 0.174 ± 0.01 mM. Interestingly, the amount of formazan produced in MPP ? treated cells in 10 mM glucose group was significantly (P \ 0.01) higher in comparison to 2 mM glucose group. These observations reflect the increased state of mitochondrial respiratory activity of glial cells in 10 mM glucose. The average EC 50 of MPP ? in 10 mM glucose was found to be 0.299 ± 0.06 mM. The results clearly suggest the ability of 10 mM glucose for restoring the respiratory status in MPP ? treated cells.
MPP ? Decreases Mitochondrial Membrane Potential
Glial cells were treated with MPP ? at 0.1, 0.2 and 0.3 mM for 48 h in the presence of 2 or 10 mM glucose in DMEM containing 10% FBS and then stained with 1 lM rhodamine 123. It is clear from Fig. 4 
that MPP
? decreased significantly (P \ 0.05) the mitochondrial membrane potential of glial cells in 2 mM glucose in a dose dependent manner, which is consistent from earlier reports [28] . In 2 mM glucose group, the average EC 50 of MPP ? was found to 0.26 ± 0.02 mM. In comparison to MPP ? treatments in 2 mM glucose, a dose dependent significant (P \ 0.05) increase in mitochondrial membrane potential was observed (Fig. 4) in 10 mM groups. The average EC 50 in the case of 10 mM glucose was found to 0.428 ± 0.02 mM. The increased membrane potential by ? on glial cell viability in 2 and 10 mM glucose after 48 h. * MPP ? treatments had significant effect when compared to the respective controls. # MPP ? treatments had significant effect on cell viability when 2 and 10 mM glucose groups were compared. Values represent the average of three independent studies (P \ 0.001, n = 16). c Lack of 10 mM glucose protection in glial cells treated with cocaine after 24 h. * Treatments had significant effects when compared to the respective controls (P \ 0.05, n = 12). # There was no significant difference between 2 and 10 mM glucose groups (P [ 0.05, n = 12) excess glucose was consistent with earlier studies [25, 29] albeit no quantified effective dose values were reported.
MPP
? Decreases Total Cellular Glutathione Levels
It was observed that MPP ? treatments at 0.1, 0.2 and 0.3 mM for 48 h decreased the total glutathione levels significantly (P \ 0.05) in cells of 2 mM glucose group (Fig. 5) with the EC 50 of 0.36 mM. On the other hand, the total glutathione levels in 10 mM glucose group restored significantly (P \ 0.05) at all MPP ? treatments in comparison to MPP ? treatments in 2 mM glucose group. The EC 50 in this case was [1 mM. Since we used glutathione reductase in the assay, the total glutathione measurements in our study represent both oxidized (GSSG) and reduced form (GSH) of glutathione. The data on MPP ? treatments in 10 mM glucose again confirms the protective role of 10 mM glucose.
Dual Cell Cycle Arrest by MPP
?
The effect of MPP ? at 0.1, 0.15 and 0.25 mM in 2 and 10 mM glucose was studied on different phases of glial cell cycle for 48 h and analyzed by flow cytometry. It was observed that in 2 mM glucose, MPP
? caused a dual cell cycle inhibition. For instance, MPP
? treatment in the presence of 2 mM glucose caused a dose dependent cell cycle arrest both at G0/G1 and G2/M phases (Fig. 6a) . These phase arrests were significant (P \ 0.05) at 0. 15 ? on glial cell cycle. Cells were grown in 100 9 15 mm culture dishes in DMEM with 2 mM (a) or 10 mM (b) glucose containing 10% FBS, and were treated with various concentrations of MPP ? for 48 h. Cells were stained by propidium iodide staining solution for 1 h in dark and analyzed by flow cytometry. Data were presented as mean ± SEM (n = 2, * P \ 0.05, significant in comparison to control, One-way ANOVA, Bonferroni's multiple comparison test) significant arrest (P \ 0.05) only at G0/G1 phase, but no G2/M phase arrest was observed (Fig. 6b) . In 2 and 10 mM glucose, the number of cells in S-phase was decreased significantly. While the dual inhibition by MPP ? in 2 mM glucose was not reported earlier, its G0/G1 inhibition in 10 mM glucose was consistent with previous studies [30] . The results clearly show the dual inhibitory nature of MPP ? in glial cells in 2 mM glucose.
Discussion
The high sensitivity of cells to MPP ? in low levels of glucose (1 or 2 mM) was in agreement with previous reports, where low glucose was shown to potentiate MPP ? induced toxicity [31, 32] . In our study, the decreased cell viability due to MPP ? treatments in 2 mM glucose group does not appear to be an additive affect of both MPP ? toxicity and insufficient availability of glucose to cells. If insufficiency of glucose was the cause, then cells in both 2 and 10 mM glucose control groups would not have shown similar absorbance values as a function of the time (Fig. 1 ). Since cells in 2 or 10 mM glucose exhibited almost the same absorbance values at any given time point up to 72 h in our growth curve studies (Fig. 1) , it is clear that the cells in 2 mM glucose were as much viable as those in 10 mM glucose group prior to MPP ? treatments, and thus the observed cell death during treatments was solely attributed to MPP ? toxicity. Based on the cell doubling results, we used 48 h incubation, where cells were proliferating actively, as an end point in all our studies. Consistent with earlier reports on different cell lines [13, 25, 29] ; we also observed that 10 mM glucose significantly protected the glial cells against MPP ? toxicity (Fig. 2b) . In our study, this protection was reflected in terms of having about 6 times higher LC 50 value in 10 mM glucose (0.835 ± 0.03 mM) in comparison to 2 mM glucose (0.14 ± 0.005 mM).
Various studies demonstrated that MPP ? inhibits NADH-ubiquinone oxidoreductase (complex I) of ETC. in the mitochondria [13, 33] . The inhibition at complex I results in very low or no ATP production in the mitochondria, depending on the potency of inhibition by the compounds, such as MPP ? [34] . In addition, inhibition at complex I may also generate more ROS [35] , which affects the rate of mitochondrial respiration and its membrane potential. Because of several disadvantages associated with Clark oxygen electrode measurements [36] [37] [38] [39] , we preferred measuring the mitochondrial respiration by evaluating succinate dehydrogenase activity directly in cells as per the established method [21] . Since this enzyme is located on the inner membrane of mitochondria, measuring its activity may provide direct evidence on the general respiratory status of mitochondria in terms of their ability to reduce the tetrazolium compound of MTS to formazan in cells. We observed that the amount of formazan produced due to MPP ? treatment in 2 mM glucose was significantly lower than the control (Fig. 3) . This indicates that MPP ? treatment significantly inhibited the mitochondrial respiration in 2 mM glucose group.
Under such circumstances, we next sought to know the state of mitochondrial membrane potential of MPP ? treated cells in 2 mM glucose group. For this purpose, we used rhodamine-123 fluorescent dye. Since this dye is selectively taken up by mitochondria [40] , the amount of rhodamine-123 present in the mitochondria is directly proportional to its membrane potential. We observed that MPP ? treatment resulted significant loss of mitochondrial membrane potential in 2 mM glucose group (Fig. 4) . It was further observed that MPP ? treatment decreased the total glutathione content significantly in 2 mM glucose cells, while 10 mM glucose significantly restored and almost reached (94%) to the level of control at 0.3 mM MPP ? (Fig. 5 ). While the decreased glutathione level was known to be associated with neurodegeneration, this is the first report to observe the glucose dependent regulation of glutathione levels by MPP ? . Significant decrease and restoration of mitochondrial respiratory status, its membrane potential and glutathione levels in MPP ? treated glial cells in 2 and 10 mM glucose respectively may indicate that MPP ? inhibition at complex I of ETC. was reversible type. This speculation was consistent with earlier reports [41, 42] , where reversal of MPP ? inhibition was shown in different cell systems. The mechanism of restoration of the mitochondrial membrane potential by 10 mM glucose was not the objective of this investigation. It may be possible that high glucose in our studies relieved the MPP ? inhibition at complex I site, which resulted in increased cell viability. Further studies, however, are required to corroborate this speculation.
The data obtained from cell cycle study indicate that high level of glucose was associated with the lack of G2/M cell arrest, indicating the increase in cell mitosis and confirm the cell viability data (Fig. 2b) . The obtained results indicate that glucose protection against MPP ? and the lack of G2/M cell cycle arrest might be related to the mitochondrial protection offered by glucose. Cell protection by 10 mM glucose observed in this study seems to be compound specific based on the observation that 10 mM glucose did not offer similar protection against cocaine treated glial cells (Fig. 2c) . This was evidenced by exhibiting closer LC 50 values of cocaine in both 2 mM glucose (4.4 mM) and 10 mM glucose (4.6 mM). These values were also found closer to the LC 50 values of earlier studies [4.3 mM, 20, 27] . Recent studies from our group indicated that cocaine interaction decreases the mitochondrial membrane potential in glial cells [20] . This observation reminds a similar trend of decrease in mitochondrial membrane potential by MPP ? in glial cells observed in the present study. The ability of 10 mM glucose to protect glial cells against MPP ? toxicity (Fig. 2b) and its inability to protect cocaine treated cells under the same conditions (Fig. 2c) may indicate that the mode of action of both MPP ? and cocaine at mitochondria was different in glial cells. This speculation is further supported from the results of our previous cell cycle analyses with cocaine [20] . For instance, our earlier studies with cocaine for 48 h under similar conditions as of the present study, resulted significant glial cell cycle arrest at G2/M phase. On the other hand, MPP
? treatment for the same period of time in the present study led to significant G0/G1 and G2/M arrests in 2 mM glucose group and G0/G1 arrest in 10 mM glucose cells (Fig. 6a, b) . These observations clearly suggest that even though both MPP ? and cocaine interact with mitochondria and decrease membrane potential, their mode of action for cytotoxicity were different. Based on the differences in LC 50 values or EC 50 values or cell cycle arrest of MPP ? and cocaine, it appears that the MPP ? toxicity is specific rather than non-specific.
The data obtained in this investigation demonstrate the role of glucose in MPP ? induced changes on glial cell viability. While earlier reports [25] concluded that the increased glial cell viability in 10 mM glucose with MPP ? treatment was exclusively due to anaerobic glycolysis, here, based on the results of our additional studies, we found that the increased cell viability in 10 mM glucose with MPP ? treatments was not associated with a single mechanism but multi level mechanisms such as significant restoration of mitochondrial respiratory activity, its membrane potential, and increased total glutathione content. One of our findings was consistent with earlier studies on PC12 cells [29] , where glucose protection against MPP ? toxicity was clearly demonstrated due to maintenance of mitochondrial membrane potential.
The data also indicate that MPTP toxicity to neurons might be related more to glial cells damage rather than the ability of glial cells to metabolize MPTP and release of the toxic metabolite, MPP
? . Damaged and injured glial cells can produce toxic cytokines [43] to neurons and play important role in the inflammatory process in nervous system [43] . Inflammation may be associated with the neuropathology of PD as evidenced by the excessive glial activation and increased levels of the pro-inflammatory cytokines, tumor necrosis factor-alpha and interleukin1beta in the substantia nigra of patients with PD [44] . Since anti-inflammatory drugs and microglial activation inhibitors decrease susceptibility to PD, it is likely that their use may emerge as a therapy in PD [44] .
It was concluded that from this study that high levels of glucose were protective against MPP ? -induced changes on glial cell viability, alterations in mitochondrial general respiratory status, mitochondrial membrane potential, total glutathione levels and dual cell cycle phase arrest. The data also indicate that MPTP toxicity to neurons is more likely related to glial cell activation rather than the ability of glial cells to release the toxin MPP ? .
